In this paper, a model for competition of two populations of microorganisms in a chemostat with monotone functional response is considered. We prove that the solutions are positive and bounded for all time. Stability of nonnegative equilibria and persistence of solutions are presented. Graphical results are also given to help illustrate the key points in the population dynamics of the model.
Introduction
In mathematical biology, the chemostat is the best laboratory apparatus that can be used to study competition between different populations of microorganisms for a growth limiting nutrient and has the advantage that certain of the biological parameters presumed to influence competitive outcome can be controlled by the experimenter. In this paper, we consider the general form of the model done by Kapur [5] describing two populations of microorganisms competing for a single growth limiting nutrient in a chemostat. Rigorous mathematical analysis of the chemostat model for an arbitrary number of competitors with Michaelis-Menten type functional response has been carried out by Hsu [3] and Hsu, Hubbell, and Waltman [4] . A model of competition with discrete delay has been carried out by Wolkowicz and Xia [7] . The mathematical results in all of these papers indicate that competitive exclusion holds. A 'competitive exclusion principle', stating that in the long run only one population survives while the others die out. We assume that there is no direct interaction in each of the species. Our model consists of a set of three non-linear differential equations and predicts that at most one population survives and that the population that survives can be predicted based on the relative values of the break-even concentrations, parameters that can be determined by growing each population alone in the chemostat and measuring the steady state concentration of the nutrient.
Model equations
We shall consider the following model of two populations of microorganisms competing exploitatively for a single, essential, nonreproducing growth limiting nutrient in a well-stirred chemostat: denote respectively the concentration of the growth limiting nutrient in the fresh inflowing medium and the flow rate of the chemostat. It is assumed that the individual death rate of any species is insignificant, compared to the flow rate, and hence can be ignored.
We make the assumptions below on the response functions
is continuously differentiable and
there exists a unique (possibly extended) real number
Here, the value i λ represents the break-even concentration of the nutrient for the ith population and it has played an important role in determining competitive ability.
Now it is convenient to pass to non-dimensional variables , we obtain
It is observed that the 'new' ) (s f i also satisfy the properties (2) .
Note that in the definition of (1) 
Preliminary results
We first observe that the right hand side of the system (3) 
The proof of this lemma due to Barbalat can be found in Gopalsamy [2] . Proof: Suppose it is not true that
. But from the first equation of (3), we have 
Stability analysis
Here we shall investigate the local stability of the equilibrium points
by finding the eigenvalues of the associated Jacobian matrices. System (3) is persistent, i.e., all populations coexist at a nonzero level if all the boundary equilibria are repellers.
The Jacobian matrix of (3) takes the form 
Local stability and persistence
Now we are positive to prove the following result.
Theorem 5.1:
Then 0 E is locally asymptotically stable (LAS) and the system (3) is not persistent. 
. By Eq. (9), they are all negative. So 0 E is LAS and the system (3) is not persistent. Thus Ê is LAS and the system (3) locally persistent. Since one of the eigenvalues is zero and other two are negative so if the position of interior equilibrium point 3 E is disturbed, it returns to another position of boundary equilibrium point.
Global stability results
In this section, we shall show that 0 E is globally asymptotically stable if only 0 E exists. 
Proof: It is a direct consequence of Theorem 3.3 and formula (4).
Our next theorem shows that competitive exclusion holds and only one competitor survives. (3) is contained in Ψ , and hence by LaSalle extension theorem [6] every solution of (3) approaches the set Μ , the largest invariant subset of 
Discussion
In this paper, we considered a model of exploitative competition for a single, essential, nonreproducing growth limiting nutrient. Kapur [5] carried out the equilibrium and extinction criteria for the competing populations in the case that the response functions are modeled by Michaelis-Menten dynamics. We assumed that the functional response is general monotone function. For this response function we proved that the outcome of competition for nutrient depends on the relative values of the break-even concentration. It is known (see Hsu [3] and Hsu, Hubbell, and Waltman [4] ) that in chemostat models all species concentration eventually approach equilibrium concentration and at most one population avoids extinction, that is the competitive exclusion principle (see Armstrong (Fig-1) , initial values, and parameters, numerical simulations show that solutions are converging to the positive equilibrium in the model (Fig-2) . However, if the two populations only compete indirectly for the nutrient and do not compete directly each other, then only one population can survive (Fig-3, 4) . This is similar to the phenomenon observed in chemostat models (see Hsu, Hubbell, and Waltman [4] ). Both populations can also die out (Fig-5) . E and shows that both populations extinct.
